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contamination. Boreholes and monitoring wells can permit direct
sampling of aquifer material and ground water, which is useful for
aquifer characterization and development of a three-dimensional as-
sessment of contaminant distribution.

In determining well placement for site assessment, the cost asso-
ciated with each boring must be weighed against the information lost
in the spaces between borings, a balance that is highly dependent on
the heterogeneity of the aquifer. It is also necessary to place wells
upgradient of the contamination source to provide information on
background water quality as well as downgradient for information
on the location and size of the pollutant plume. Preliminary infor-
mation on aquifer composition and plume location derived from re-
mote sensing by geophysical techniques can be useful for optimizing
well placement and, consequently, for decreasing the number of wells
necessary for adequate monitoring (Benson et al., 1988). Addition-
ally, gas surveys (analyses of gas samples from within the unsatur-
ated zone) are useful for detecting volatiles that diffuse up from the
water table. Such surveys may be advantageous for decreasing the
number of monitoring wells since they offer additional information
on location and migration of volatile plumes (LaGrega et al., 1992).

Tracer tests are additional direct measurement tools that are use-
ful for estimating the direction and velocity of ground water flow
and the hydraulic conductivity, porosity, and dispersivity of the aquifer.
Tracers also facilitate estimation of contaminant residence times within
the biostimulation zone, which is useful for predicting degradation
efficiency.

Permeability

Adequate permeability for the transport of solutions delivering
nutrients or other compounds required for stimulation of the desired
microbial population within the subsurface bioreactor is essential to
in situ bioremediation. Additionally, the aquifer must be sufficiently
permeable that the increased microbial mass and volume will not
cause extensive plugging of the aquifer pores, thus restricting further
ground water movement. The proposed rule of thumb (Thomas and
Ward, 1989) is that aquifers with overall hydraulic conductivities of
10"4 cm/s or greater would be most amenable to in situ bioremediation
(10~4 cm/s hydraulic conductivity corresponds roughly to an intrin-
sic permeability of 10~9 cm2 for clean water at typical subsurface tem-
peratures). However, it has been shown that microbial growth in
aquifer material can cause permeabilities to decrease by a factor of
1000 (Taylor et al., 1990). Additionally, modeling that considered